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Abstract —Laser ultrasound enhancement with carbon-based 
nanomaterials incorporated into phantom tissues is reported. 
More specifically, impact of nanodiamonds and graphene oxide 
on the efficiency of photoinduced pressure excitation was 
investigated. Agarose-based phantom tissues with and without 
the nanoparticles were compared. The second harmonic of pulsed 
Nd:Yag laser (532 nm) was chosen for ultrasound generation. 
Specific acoustic probe was fabricated for laser-induced 
ultrasound registration. Dependence of the ultrasound amplitude 
on concentration of the nanoparticles incorporated into the 
phantom tissues was analyzed in details. The most significant 
enhancement of the amplitude ensured by graphene oxide was 
stated. Considering biocompatibility of the both types of carbon- 
based nanomaterials, they can be potentially used in future as 
contrast agents for bio-imaging and theranostic applications. 
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I. Introduction 

Laser ultrasound imaging based on photoacoustic effect is 
an emerging diagnostic technique ensuring high resolution, 
real-time and depth-resolved visualization of biological tissues 
[l]-[3]. Photoacoustic effect refers to light radiation 
absorption by a matter with subsequent conversion of the 
accumulated energy into heat as a result of non-radiative 
relaxation of the photoexcitation. Acoustic waves (laser 
ultrasound) generated through thermoelastic expansion of the 
matter can be further detected by broadband ultrasonic 
transducers. Photoacoustic imaging combines high spatial 
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resolution of ultrasonic imaging and high contrast of optical 
imaging [4]. Compared to other high-resolution volumetric 
optical imaging modalities widely used in the biomedical 
imaging field, including confocal microscopy and two-photon 
microscopy, which suffer from the limitation of depth less 
than 1 mm, photoacoustic imaging can overcome the 
limitation of depth and be detected up to a few centimeters 
deep in biological tissues [5]—[7]. In addition, because 
photoacoustic signal is mainly determined by photothermal 


conversion, the principles of selecting agents for imaging are 
naturally consistent with those for photothermal therapy, 
which makes photoacoustic and photothermal therapy an ideal 
pair to be seamlessly combined into theranostics application. 
Furthermore, the advantages of photoacoustic imaging involve 
real-time imaging in vivo and high spatial resolution without 
the use of ionizing radiation [8]. 

Meanwhile, photoacoustic contrast agents can enhance the 
imaging resolution, contrast and depth of detection [9]—[11]. 
Such contrast agents should satisfy the following conditions: 
outstanding biocompatibility, appropriate stability in vivo, 
desirable targeting properties. Nanomaterials are promising 
contrast agents to satisfy the requirements. Nanomaterials 
provide a platform for theranostic application to concurrently 
realize therapy and diagnosis [12]—[14]. 

Carbon nanomaterials have unique physical and attracted 
increasing attention in the biomedical field [15]. For instance, 
most of these carbon nanomaterials possess strong absorption 
in the infrared or near infrared regions, which is useful for 
photothermal therapy of cancer [16], [17]. Carbon 



nanomaterials have been used as optical agent in biological 
imaging such as Raman microscopy [18], [19], fluorescence 
imaging [20], [21] and photoacoustic imaging [22]-[24]. The 
main advantages of carbon nanomaterials for their biomedical 
applications are fully biocompatibility, low toxicity, easy 
penetration through cells, photo luminescence features [21], 
[25]—[29]. 

Study of laser-ultrasound generation efficiency with 
different nanoparticles is an important step for their further use 
in ex/in-vivo diagnostics [14], [30]. In addition, their 
preliminary testing on bio-phantoms simulating properties of 
living object is essential. A large number of phantoms have 
been already developed to mimic optical and acoustic 
properties of biological tissues. Phantom studies allow 
systematic testing and optimization of new methods in a 
controlled way, before their direct applications to animals and 
humans. Phantoms are also used to compare performances of 
photoacoustic imaging, ultrasound systems as well as to assist 
in the development of new acoustic, ultrasound transducers, 
systems or diagnostic techniques. The advantages of phantoms 
is that the idealized tissue models can be constructed with 
well-defined acoustic properties, dimensions and internal 
features, thereby simplifying and standardizing the imaging 
environment [31]. In particular, agarose is a biocompatible 
polysaccharide polymer material which can be easily prepared 
and is widely used as a basic material to mimic soft living 
tissues for magnetic resonance, ultrasound and photoacoustic 
imaging [31]—[34]. 

Our communication is devoted to photoacoustic 
characterization of agarose-based phantoms with use of carbon 
nanomaterials as photo acoustic contrast agents. Laser 
ultrasound formation in the phantoms doped with the 
nanoparticles has been studied. Acoustic response as a 
function of nano-carbon concentration was detected with a 
piezoelectric transducer. A significant enhancement of the 
detected laser-induced acoustic signal emitted by the agarose 
phantoms has been stated. 

II. Materials and Methods 

A. Phantom tissue preparation 

The agarose gel is widely used as a phantom of human 
tissue because its acoustic characteristics are similar to those 
of numerous human body parts [35]. For example, the gel with 
agarose concentrations lower than 4% has properties similar to 
that of soft tissue, such as: breast, brain, liver, kidney, while 
the gels with higher agarose concentrations has a 
micro structure similar to hard tissue [36]. The soft tissues are 
composed of muscles, tendons, ligaments, fascia, fat, fibrous 
tissue, synovial membranes, nerves and blood vessels. The 
hard tissues are mineralized with a firm intercellular substance 
and include cortical bone, trabecular bone, dental enamel and 
dentin [31]. 

In our work, gels with 2 w/v% agarose concentrations have 
been prepared to mimic soft tissues with a simple 
homogeneous internal structure [37]—[39]. Two types of 
agarose-based phantom samples were prepared for our 


measurements: pure agarose gel without any added contrast 
agents, and agarose gels doped with carbon nanomaterials 
[40], [41]. 

Agarose phantoms preparation procedure includes the 
following steps. A solution of agarose powder (A9539, Sigma 
Aldrich) was dissolved in water, heated to 95°C, and stirred 
for 30 min to form a gel. Colloids with photoacoustic contrast 
agents were firstly heated to gel temperature. Then colloids 
added to the agarose solution and stirred for 10 min. The 
solution was poured into a mold. Then, it was left for cooling 
and solidification for 24 hours at room temperature. The gel 
was then removed from the mold. The phantom samples were 
prepared as 5 mm thick cylinders with 30 mm in diameter. 

Reduced graphene oxide (805424, Sigma Aldrich) and 
detonation nano diamonds were chosen as photoacoustic 
sensitizers. Solid state powders of detonation nanodiamonds 
were provided by Ray Techniques Ltd. The carbon-based 
nanomaterials have been thermally oxidized by heating in air 
at 420 ° C for 1 hour. After that, dispersed in water by a 
simple stirring (without using any surfactant) and additionally 
ultrasonicated in a bath-type system. 

B. Experimental setup 

The used experimental setup is shown schematically in 
Fig. 1. The second harmonic (532 nm) light radiation from a 
Q-switched Nd:YAG laser with a 20 ns pulse duration was 
used as an excitation source. Pulse energy was reduced by a 
filter to avoid any sample damage. Additionally, the intensity 
of the laser beam was controled with a photodiode. The beam 



was directed toward a photoacoustic probe shown in Fig. 2. 

The photoacoustic probe was specially designed for 
ultrasound response detections. Sketch of the probe is shown 
schematically in Fig. 2. It consists of a transparent buffer (30 
mm thick glass piece) and a piezoelectric sensor being in rigid 
contact with the buffer. The piezoelectric transducer with a 
ring shape have outer/inner diameters and thickness equal to 
10/20 mm and 1 mm, respectively. The photoacoustic probe 
contacts the phantom sample through a transmission gel. 
Generated photoacoustic signals were detected by a digital 
oscilloscope. The final oscillogram was averaged among 128 
pulses. 




















































III. Results and Discussions 

A typical signal waveforms detected from agarose 
phantoms with different concentration of nanodimonds are 
shown in Fig. 3. Peak-to-peak amplitude of the photoacoustic 
signal was measured as a function of the nanodiamond 
concentration varying from 0.01% w/v to l%w/v. As one can 
see in Fig. 3, the experimental amplitude rises with the 
increase of the nanodiamond concentration. 



Laser ultrasound responses of the agarose phantoms with 
different concentration of graphene oxide are shown in Fig. 4. 
The concentration of graphene oxide was one order of 
magnitude lower (from 0.001% w/v to 0.1%w/v) than in the 
case of nanodiamond particles. As it can be seen in Fig. 4, the 
continuously growing signal amplitude is one order of 
magnitude higher compared to the case of nanodiamonds. The 
concentration dependencies of the laser ultrasound amplitude 
for the agarose-based phantom tissues with graphene oxide 
and nanodiamonds particles are compared in Fig. 5. 

This figure demonstrates a non-linear rising of the 
experimental values of amplitude with the increase of the 
carbon nanomaterials concentration. For comparison, 
amplitude of laser ultrasound response of the nanoparticles 
free agarose phantom tissue was equal to 0.01 V. Thus, 
application of graphene oxide as a photoacoustic contrast 
agent will lead to the more important enhancement of laser- 
induced ultrasound response in comparison with the 
nanodiamond particles. Amplitude of laser ultrasound 
response of agarose phantom tissue with minimal 



Fig. 5. Concentration dependencies of laser ultrasound response 
amplitude for agarose-based phantom tissues with carbon nanomaterials 


concentration of graphene oxide (0.001%) is almost the same 
as the amplitude from agarose phantom with maximal 
concentration (1%) of the nanodiamonds. It should be noted 
that the concentration of nanoparticles on the one hand should 
be sufficient to register a stable laser ultrasound signal, but on 
the other hand should not be toxic to biological objects in 
which these nanoparticles are injected. In our experiments 
minimum of nanomaterials concentration which was detected 
satisfies the both conditions [42]—[45]. 

Conclusions 

Laser ultrasound enhancement in a phantom tissue doped 
with carbon nanomaterials (nanodiamonds and graphene 
oxide) was studied with the use of a pulsed laser excitation 
(532 nm). The phantoms based on agarose gel were prepared 
to mimic properties of soft biological tissues. Special 

























































acoustical probe with built-in piezoelectric transducer was 
applied for the ultrasound detection. Dependencies of the laser 
ultrasound amplitude on concentration of the carbon 
nanomaterials incorporated into the phantom tissues were 
measured. A significant enhancement of the amplitude 
induced by presence of carbon nanomaterials can be stated. It 
was found, that application of graphene oxide as photoacoustic 
contrast agent leads to a much more efficient laser ultrasound 
response enhancement in comparison with nanodiamonds. 
Finally, taking into account excellent biocompatibility and low 
cytotoxic levels of the both nanoparticle types, they can be 
applied for laser-based cancer theranostics. 
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